The controlled adsorption of alkanethiol on a metal surface is crucial for the fabrication of molecular sensors and organic electronics. Control of a molecular conformation and an orientation on the surface is highly required to attain high charge carrier mobility of a plastic circuit. 1 A self-assembled monolayer (SAM) of alkanethiol is known as a highly ordered monolayer, and a patterned SAM has been fabricated for bioelectronics with a microcontact printing method. 2 Another method to control the molecular conformation and the orientation is thought to be the application of an external force.
The controlled adsorption of alkanethiol on a metal surface is crucial for the fabrication of molecular sensors and organic electronics. Control of a molecular conformation and an orientation on the surface is highly required to attain high charge carrier mobility of a plastic circuit. 1 A self-assembled monolayer (SAM) of alkanethiol is known as a highly ordered monolayer, and a patterned SAM has been fabricated for bioelectronics with a microcontact printing method. 2 Another method to control the molecular conformation and the orientation is thought to be the application of an external force.
Any particles are magnetized under magnetic field gradients, and a magnetic force works on the particles. A magnetic force was applied to migration analysis of micro-particles in solution and in air, [3] [4] [5] [6] [7] [8] [9] [10] utilizing the proportionality between the magnetic force and the particle's magnetic susceptibility. Although a magnetic force is expected to be used as a non-contact and controllable force on a single micro-particle or molecular monolayer, serious difficulties exist in applications to diamagnetic organic molecules, because of the small magnetic susceptibility. Then, the use of magnetic particles (MPs) possessing a high magnetic susceptibility is promising for the application of magnetic forces on an organic molecule and a monolayer. The present study demonstrates the effects of magnetic forces on the conformation of cysteamine linking a MP and a silver colloid, by means of surface-enhanced Raman scattering (SERS) spectroscopy.
Silver nitrate (99.9999%, Aldrich), tri-sodium citrate dehydrate (Nacalai Tesque, Inc., Japan), (3-aminopropyl)-trimethoxysilane (APTMS, 97%, Aldrich), glutaraldehyde (25%, Wako Pure Chemical Industries, Ltd., Japan), and cysteamine hydrochloride (98%, Sigma) were used as received. Super-paramagnetic amine-terminated particles (mean diameter = 1 μm, BioMag Plus Amine, Polysciences, Inc., USA) were washed 10 times with distilled water. All solutions were prepared with distilled and deionized water by a Milli-Q system (resistivity ≈18.2 MΩ cm -1 ). A citrate-reduced silver colloid solution was prepared according to a Lee and Meisel method. 11 A silver nitrate solution (1.1 mM, 200 ml) mixed with a sodium citrate solution (1% (w/w), 4 ml) was refluxed for 90 min. A glass plate (26 × 30 mm 2 ) was chemically modified with APTMS. A silver colloid solution (300 μl) was deposited on an APTMS activated plate for 1 night, and then washed with distilled water.
The washed amine-terminated magnetic particles (MPs) were activated with 5% glutaraldehyde solution by shaking for 2 h. The activated MP solution was then added to a 17.6 mM cysteamine solution and shaken for 1 h. The MP solution was washed 20 times with distilled water to remove any unreacted cysteamine (final residue ≈6 pM), and deposited onto a silver colloid plate for 2 h. The sample plate was washed with distilled water just before measurements.
Magnetic field gradients generated by two permanent magnets induced a magnetic force upward on the super-paramagnetic magnetic particles ( Fig. 1(a) ). A cover slip (ca. 0.1 mm thickness) and a glass spacer (1 mm thickness), which had a hole (2.5 mm in radius), were piled on the sample plate. Two Nd-Fe-B bond magnets (0.55 T on the magnet surface, 35 × 10 × 30 mm 3 ) were set on the cover slip. The incident beam was irradiated on the sample surface through a gap (2 mm) between two magnets ( Fig. 1(b) ).
Microscopic visible absorption and Raman scattering spectrometers were used for surface characterization. The excitation source in the Raman measurements was an Argon ion laser (514.5 nm, 10 mW, Stabilite 2017, Spectra-Physics, Inc., Japan); it was irradiated with an incident angle of 74˚. The spectra were recorded with a spectrograph (ISA Jobin YVON Spec HR320, f = 320 mm, 1800 gr/mm, 500 nm blaze) equipped with a liquid-nitrogen cooled CCD detector (-120˚C, Roper Scientific, Inc. The effects of a magnetic force on magnetic particles linked by cysteamine to a silver colloid plate were analyzed with surface-enhanced Raman scattering spectroscopy. Cysteamine molecules were stretched by a force exerted on the magnetic particles with the external magnetic field gradients generated by two Nd-Fe-B magnets. The spectra showed that the relative intensity ratio of C-S (trans) to C-S (gauche) of cysteamine was increased 2 -3 times within 30 min under the application of magnetic field gradients. Also, the shift of C-S (T) was observed up to 4 cm -1 to higher frequency. These results suggested that an extension of the distance between a magnetic particle and a silver colloid induced isomerization from the gauche conformation to the trans conformation, accompanied by probable thiolate migration on the silver colloid surface. recorded with a USB fiber spectrophotometer (USB2000, Ocean Optics, Inc., USA).
Microscopic visible absorption spectra were measured to characterize the citrate-reduced silver colloid plate. For a plate not agglomerated, λmax was 399 nm, and FWHM was 100 nm. Since these observed values were close to those of a dispersed silver colloid solution (λmax = 399 nm, FWHM = 60 nm), the inter-particle distance of silver colloids immobilized on the plate was comparable to that of a dispersed solution. For a plate agglomerated through drying, λmax was shifted to 390 nm, and a broad band around 560 nm appeared. The inter-particle distance of colloids agglomerated on the plate was much shorter than that of colloids not agglomerated. An agglomerated plate was used as a sample plate for SERS measurements, since its strong plasmon resonance at the excitation wavelength (514.5 nm). Figure 2 shows the SERS spectra of the cysteamine bound to MPs and the saturated cysteamine monolayer (20 mM, 2 h) on the silver colloid plate, both without magnetic fields. The C-S (gauche) stretching vibration was observed at 631 cm -1 for both plates, and the C-S (trans) was observed at 731 cm -1 for cysteamine bound to MPs and at 735 cm -1 for saturated cysteamine on the plate. 12 The relative intensity ratio (trans/gauche) for MPs bound cysteamine was much smaller than that for saturated cysteamine. As the surface concentration of alkanethiol adsorbed on the solid surface is higher, the trans conformation is more dominant due to the van der Waals interaction among alkane chains. 13 The differences of the C-S (T) Raman frequencies and the T/G ratios between MPs bound cysteamine and saturated cysteamine showed that the surface concentration of cysteamine bound to MPs on the silver colloids was much lower than that of the saturated cysteamine monolayer. Figure 3 shows the time dependence (min) of the SERS spectra of cysteamine bound to MPs under magnetic field gradients. The 0 min spectrum was taken without magnetic field gradients, and the spectra of the same microscopic location on the sample plate were taken in time under magnetic field gradients. An enhancement of the T/G ratio and a shift of the C-S (T) band to a higher vibrational frequency were observed within 30 min. A shift of the C-S (G) band was not observed. Every time that we acquired the spectrum at the same position on the sample plate, the absolute intensity and the S/N ratio were becoming lower. Magnetic forces and laser irradiation could induce a partial desorption of cysteamine from the silver colloid surface. Despite a reduction of the absolute surface concentration, the observed spectra showed an increase in the T/G ratio under magnetic field gradients. Figure 4 shows the time dependence of the T/G ratio and the Raman frequency of C-S (T) under magnetic field gradients observed for several different sample plates. The T/G ratios were increased by 150 -250% in 15 min. The Raman frequencies of C-S (T) were shifted by 2 -4 cm -1 . These trends observed in the SERS spectra indicated that the MPs bound cysteamine layer on the silver colloid surface was becoming closer to the SAM state under magnetic field gradients. A relaxation of the semi-SAM state induced by magnetic forces was examined by removing the magnet setup. The random fluctuation of the T/G ratio and the C-S (T) frequency were 15% and 1 cm -1 in 20 min, respectively. From these results, the semi-SAM state was not relaxed to the original binding state. From the observed SERS spectra, the effects of magnetic forces on cysteamine binding MPs and a silver colloid surface were reasoned.
The dominant MPs bound cysteamine molecules might be laid down on the colloid surface before the applications of magnetic field gradients, because of the low surface concentration of cysteamine and the affinity of imine double bonds to the silver surface. By applying magnetic field gradients, the magnetic forces pulling on the MPs caused an extension of the distance between the silver colloid surface and the MP surface. This extension of the inter-surface distance induced the following occurrences. The molecular length was elongated by the internal rotation of S-C-C-N gauche to trans conformations. Zheng et al. reported that the isomerization time between the gauche and trans conformations of 1-fluoro-2-isocyanatoethane in CCl4 was 43 ps from the 2D IR echo spectra.
14 Also, the thiolates of cysteamine were migrated on the silver colloid surface by the continuous desorption and adsorption of the Ag-S bond to form a semi-SAM state. The semi-SAM state was thermodynamically stable, since a magnetic relaxation was not observed.
In conclusion, the unique effects of magnetic forces on the SERS spectra of magnetic particle bound cysteamine adsorbed on a silver colloid were observed in the present study. The increase in the relative intensity ratio of C-S (T) to C-S (G) suggested that the isomerization conversion from the gauche to the trans conformation was induced by an extension of the inter-surface distance with the magnetic forces. The precise control of magnetic forces on surface molecules is now on going. The present method, applying both SERS spectroscopy and a magnetic force, is promising to develop a new dynamic force spectroscopy to measure the molecular conformational change, chemical bond force, and kinetics of a molecular monolayer on a solid surface or a liquid/liquid interface.
